Objective: In this study, we investigated the predictive capacity of the brachial-ankle aortic pulse wave velocity (baPWV), a marker of arterial stiffness, for the decline in renal function and for cardiovascular events in the early stages of chronic kidney disease (CKD). Method: Two hundred forty-one patients who underwent a comprehensive check-up were included and were divided into two groups according to their estimated glomerular filtration rates (eGFR): patients with CKD categories G2, G3a and G3b (30 ≤ eGFR < 90 ml/min/1.73m 2 , eGFR < 90 group; n=117) and those with eGFR ≥ 90 ml/min/1.73 m 2 (eGFR ≥ 90 group; n=124). The change in renal function, the eGFR change, was determined by the slope of eGFR against time. We analysed whether baPWV was associated with eGFR change or predicted cardiovascular events. Results: baPWV was independently associated with eGFR change in a multivariate analysis of the total patients (β=-0.011, p=0.011) and remained significantly associated with eGFR change in a subgroup analysis of the eGFR < 90 group (β=-0.015, p=0.035). baPWV was independently associated with cardiovascular events (odds ratio=1.002, p=0.048) in the eGFR < 90 group, but not in the eGFR ≥ 90 group. The receiver operative characteristic curve analysis showed that 1,568 cm/sec was the cut-off value of baPWV for predicting CV events in the eGFR < 90 group (area under curve=0.691, p=0.03) Conclusions: In patients with early stages of CKD, baPWV was independently associated with the decline in renal function and short-term cardiovascular events.
Introduction
Patients with chronic kidney disease (CKD) have increased cardiovascular (CV) morbidity and mortality (1) . Furthermore, increased arterial stiffness is one of the non-traditional CV risk factors in the CKD population (2) . Arterial stiffness may also play a role in the progression of CKD (3) (4) (5) (6) . Pulse wave velocity (PWV), which is one of the markers of arterial stiffness, can be measured non-invasively (7) . The gold standard measurement is the carotid-femoral PWV (cfPWV), which directly reflects the aortic PWV (7) . Recently, however, the brachial-ankle PWV (baPWV) has been reported to be a good marker of arterial stiffness, and the measurement of baPWV is simpler and more applicable to general population studies
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International Publisher than previously used measures (8, 9) . Until now, previous reports have shown that baPWV is associated with the progression of CKD (3) and CV outcomes only in patients with late stages of CKD (10, 11) . However, the impact of baPWV on the change in renal function and CV events has not been demonstrated for the early stages of CKD. The purpose of this study was to investigate whether baPWV is associated with changes in renal function and CV events in patients with early stages of CKD who are treated in the community.
Materials and Methods

Study Population
Seven hundred thirty-four subjects were screened, who underwent a comprehensive check-up, including the measurement of baPWV, between January 2011 and February 2012. Four hundred ninety-three patients who lacked follow-up measurements of serum creatinine were excluded, so 241 subjects were included in the final analysis. The study was approved by the Institutional Review Board of the Catholic University of Korea (OC13RISI0024).
Patients were divided into groups according to the guideline provided by the Kidney Disease: Improving Global Outcomes (KDIGO) organization (12) . CKD patients with evidence of kidney damage lasting for > 3 months and eGFR < 90 ml/min/1.73 m 2 (CKD categories G2, G3a and G3b) were assigned to the eGFR < 90 group (n = 117) and subjects with eGFR ≥ 90 ml/min/1.73 m 2 were assigned to the eGFR ≥ 90 group (n = 124).
Measurement of baPWV
baPWV was measured with an automated device, a Colin waveform analyser (VP1000, Colin Co. Ltd, Komaki, Japan), which measures the pulse volume waveforms of the brachial and tibial arteries via a connection to a plethysmographic sensor (9) . The baPWV measurement was made in a room with a temperature around 25 °C after the subject had rested for 5 min in a supine position. The distance of each segment (Lb-La) was calculated based on the patient's height, and the time delay from the ascending point of the brachial waveform to the ascending point of each ankle waveform (DTba) was determined automatically. baPWV was calculated as the pulse wave propagation distance (Lb-La) divided by the pulse wave propagation time (DTba) and expressed in cm/s. baPWV was measured bilaterally three times in each patient, repeated measurements were taken at 10-second intervals via an automatic gain analysis, and the average value was calculated. The higher of the bilateral baPWV values was used for the analysis.
Systolic and diastolic blood pressure and heart rate were measured twice using an appropriate cuff size by the same device. The average of systolic and diastolic blood pressure of bilateral arms was used for analysis.
Collection of Demographic and Clinical Data
Demographic and clinical data were retrospectively collected from medical records. Patients were defined as having diabetes if fasting glucose was > 125 mg/dL or hypoglycaemic agents were used. Subjects were defined to have hypertension is the systolic blood pressure was ≥140 mmHg or diastolic blood pressure was ≥90 mmHg or anti-hypertensive agents were used. Blood samples for biochemical assays were drawn in the fasting state and analysed with routine laboratory methods. Serum creatinine was measured by the alkaline picrate kinetic method (Jaffé method) in Olympus AU 5420 analyzer (Olympus, Bechman Coulter, CA, USA). Body mass index was calculated by dividing weight (kg) by height (m 2 ). The estimated glomerular filtration rate (eGFR) was calculated from the serum creatinine concentration, age, sex, and race using the abbreviated Modification of Diet in Renal Disease (MDRD) formula (13) . Albuminuria was assessed as urinary albumin-creatinine ratio from spot urine samples. Urinary albumin was measured by a spectrophotometry method on AU5400 chemistry system (Beckman Coulter, Fullerton, USA).
Assessment of Changes in Renal Function and Definition of the CV events
The change in renal function, the eGFR change, was assessed by the slope of eGFR plotted against time. Time was defined as the interval between the comprehensive check-up and the most recent follow-up. CV events were defined as coronary heart disease (angina pectoris or myocardial infarction), cerebrovascular disease (transient ischaemic attack, cerebral infarction, or cerebral haemorrhage), peripheral vascular disease, arrhythmia, and heart failure.
Statistical Analysis
Continuous data are presented as means ± standard deviations (SD) and were compared using Student's t test. Categorical data were compared using the χ 2 test. A univariate analysis followed by a multivariate linear regression analysis was used to identify the factors associated with the change in renal function. Because the formula for eGFR includes age and the simultaneous adjustment for age and eGFR might produce confusing results within the linear regression model, age was not included in the multivariate linear regression analysis. A univariate analysis followed by a multivariate forward logistic re-gression analysis was used to identify the factors associated with the CV events. The estimated standard error of the coefficient (B1) was used to establish the confidence interval (CI) of the odds ratio (OR). To obtain the cut-off value of baPWV that predicts CV events, we evaluated the area under the curve (AUC) for receiver operating characteristic (ROC) curve analysis. A p value of less than 0.05 indicated significance. Statistical analyses were performed using SPSS.
Results
Patient Characteristics
The baseline characteristics of the study patients are shown in Table 1 . The median baseline eGFR was 91.7 ml/min/1.73 m 2 (range, 35-181 ml/min/1.73 m 2 ), the median follow-up period was 369 days (326 to 488 days), and the median baPWV was 1,405 cm/s (range, 998-2,545 cm/s). The eGFR < 90 group showed higher prevalence of male and smoker, lower eGFR, and higher baPWV, uric acid and albuminuria levels than the eGFR ≥ 90 group. In the eGFR < 90 group, 85.5% of patients were in CKD category G2 (60 ≤ eGFR < 90 ml/min/1.73 m 2 , n = 100), 12.8% of patients were in CKD category G3a (45 ≤ eGFR < 60 ml/min/1.73 m 2 , n = 15), and 1.7% of patients were in CKD category G3b (30 ≤ eGFR < 45 ml/min/1.73 m 2 , n = 2). 
Association between baPWV and eGFR Changes
The median eGFR change was -0.39 ml/min/1.73 m 2 per year (range, -79.81 to 68.03 ml/min/1.73 m 2 per year) in the total population, -0.24 ml/min/1.73 m 2 per year (range, -15.06 to 60.08 ml/min/1.73 m 2 per year) in the eGFR < 90 group, and -0.50 ml/min/1.73 m 2 per year (range, -79.81 to 68.03 ml/min/1.73 m 2 per year) in the eGFR ≥ 90 group. Table 2 shows the determinants of eGFR change in the total study population and the eGFR < 90 group. In the total population, the eGFR change showed a significantly negative association with baPWV and C-reactive protein levels and a positive association with serum albumin in the univariate analysis. In the multivariate analysis, the eGFR change was independently associated with baPWV and serum albumin. In a subgroup analysis of the eGFR < 90 group, the eGFR change showed a signifi-cant negative association with baPWV, uric acid level, and albuminuria and a positive association with phosphorus levels in the univariate analysis. In the multivariate analysis, baPWV and albuminuria were independently associated with eGFR change. In a subgroup analysis of the eGFR ≥ 90 group, baPWV was the only parameter which significantly correlated with the eGFR change (β = -0.021, p = 0.008) in univariate analysis.
We also performed analysis of the eGFR change using the modified MDRD study equation for Korean population (14) . In this analysis, the eGFR change in the total population showed a significant correlation with baPWV (β = -0.009, p = 0.013), C-reactive protein (β = -1.042, p = 0.035), and serum albumin (β = 9.392, p = 0.022) in the univariate analysis. In the multivariate analysis, the eGFR change also showed significant associations with baPWV (β = -0.01, p = 0.008) and serum albumin (β = 10.412, p = 0.01. In a subgroup analysis of the eGFR < 90 group, the eGFR change showed significant associations with baPWV (β = -0.009, p = 0.02), uric acid (β = -1.566, p = 0.024), phosphorus (β = 4.979, p = 0.026) and albuminuria (β = -0.018, p = 0.038) in the univariate analysis. In the multivariate analysis, baPWV (β = -0.014, p = 0.006) and albuminuria (β = -0.037, p = 0.001) were independently associated with eGFR change. In a subgroup analysis of the eGFR ≥ 90 group, the eGFR change correlated significantly with baPWV (β = -0.014, p = 0.026) and uric acid (β = -2.850, p = 0.047) in the univariate analysis. In the multivariate analysis, only baPWV was independently associated with eGFR change (β = -0.021, p = 0.008).
Association between baPWV and CV Events
The CV event rate was significantly higher in the eGFR < 90 group than the eGFR ≥ 90 group (10.3% versus 3.2%, p = 0.037). In the eGFR < 90 group, 12 CV events occurred (10.3%) during follow-up (median 367 days, range 326 to 488 days), which included coronary heart disease (n = 5) cerebrovascular disease (n = 6), and arrhythmia (n = 1). In the eGFR ≥ 90 group, four CV events occurred (3.2%) during follow-up (median 370 days, range 329 to 475 days), which included coronary heart disease (n = 1) and cerebrovascular disease (n = 3). Adjustments were made for age, sex, baseline eGFR, eGFR change, smoking, diabetes, hypertension, use of statin, cardiovascular diseases, systolic and diastolic pressure, body mass index, brachial artery pulse wave velocity, hematocrit, fasting glucose, albumin, calcium, phosphorus, total cholesterol, triglyceride, LDL-cholesterol, C-reactive protein, and albuminuria. OR, odds ratio per 1SD increment, if there is no comment; CI, confidence interval; eGFR: estimated glomerular filtration rate; CV: cardiovascular; BP: blood pressure; baPWV: brachial artery pulse wave velocity; LDL: low density lipoprotein. Table 3 shows the predictors of CV events in the total study population and the eGFR < 90 group. In the univariate analysis, age, hypertension, and baPWV were significantly associated with CV events. In the multivariate analysis, age and hypertension were independent predictors of CV events. In a subgroup analysis of the eGFR < 90 group, age and baPWV were significantly associated with CV events in the univariate analysis. In the multivariate analysis, only baPWV was an independent predictor of CV events. In a subgroup analysis of the eGFR ≥ 90 group, age (OR, 1.16; 95% CI, 1.02-1.32; p = 0.02) and hypertension (OR, 13.36; 95% CI, 1.33-134.62; p = 0.028) were significantly associated with CV events in the univariate analysis. In the multivariate analysis, only hypertension was an independent predictor of CV events (OR, 13.36; 95% CI, 1.33-134.62; p = 0.028). Figure 1 shows the ROC curves for CV events in the eGFR < 90 group. The baPWV provided a higher predictive value for CV events (AUC, 0.691; p = 0.03) than age (AUC, 0.688; p = 0.034). The ROC curve showed that 1,568 cm/sec was the cut-off value of baPWV for predicting CV events in the eGFR < 90 group (sensitivity, 0.667; specificity, 0.752). 
Discussion
Previous reports on the clinical implications of arterial stiffness in CKD mainly focused on moderate to severe CKD (2-5, 15, 16) . The purpose of the present study was to evaluate the predictive capacity of baPWV for the progression of early stages of CKD and for short-term CV events. Our results demonstrate that baPWV was significantly associated with eGFR change both in patients with early stages of CKD and in subjects with normal eGFR. baPWV also independently predicted short-term CV events in patients in the early stages of CKD.
Increased arterial stiffness has been shown in previous studies to be associated with reduced eGFR (17) (18) (19) . Moreover, recent evidence has demonstrated that arterial stiffness independently predicts the progression of CKD (3) (4) (5) (6) In those studies, arterial stiffness was assessed by the measurement of baPWV (3), cfPWV (4), radial-dorsalis pedis PWV (5), and/or the augmentation index (5, 6) . In the present study, we also showed a significant association between baPWV and eGFR change in the eGFR < 90 group, which included the patients in the early stages of CKD (categories G2, G3a and G3b). Our study differs from those reported previously in that our study population predominantly included patients with CKD category 2 (stage 2), whereas previous studies (3-5) focused on CKD stages 3-5 according to the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative guidelines (20) . Several studies have shown that the aortic PWV is not associated with CKD (21) and does not predict CKD progression (15) . In those studies, cfPWV was measured, which is the gold standard measurement for arterial stiffness and directly reflects the aortic PWV (7, 22) . baPWV may not be as accurate as cfPWV, because baPWV reflects the status of both the central and peripheral arteries. However, there is evidence supporting the use of the baPWV measurement as a marker of arterial stiffness and baPWV correlates strongly with cfPWV (8, 9) . The study by Upadhyay et al. (21) did not include CKD stage 2 patients, whereas the study by Chue et al. (15) included patients with CKD stages 2 to 4 recruited from specialist renal clinics. Our study population was subjects who had undergone a comprehensive check-up at our hospital and were treated in the community rather than by renal specialists. This difference explains the predominance of CKD category 2 patients in our study population. Our results suggest that baPWV significantly can reflect disease progression in early stages of CKD as well as albuminuria. The mechanism underlying this association is unclear, but it has been suggested that arterial stiffness might result in the greater transmission of systolic blood pressure to the glomerular capillaries, the exacerbation of glomerular hypertension, and the progression of renal damage (23, 24) , although our study did not show an association between blood pressure and eGFR change.
Arterial stiffness has been reported to be an independent predictor of CV mortality and morbidity both in non-dialysis CKD patients (2) and in dialysis patients (22) . We have also reported that PWV predicts CV outcomes in haemodialysis patients (16) . In those studies, arterial stiffness was assessed by measuring cfPWV. Increasing evidence indicates that baPWV is also an independent predictor of CV outcomes in patients with CKD stage 5 (10, 11) . However, the impact of baPWV on CV events in the early stages of CKD has not been reported. The present study showed that baPWV was independently associated with CV events in the eGFR < 90 group, although the follow-up period was relatively short. Therefore, baPWV may provide an additional risk assessment tool for short-term CV events in patients with CKD categories G2, G3a and G3b. Several mechanisms have been suggested to explain this association. One is that increased arterial stiffness leads to an increased left ventricular load and an increased myocardial oxygen demand (25, 26) . Another is that increased arterial stiffness increases the cycle stress on arterial wall thickening and promotes atherosclerosis (27) .
Our study had several limitations. First, because it was an observational study, drug effects were not assessed, including the anti-hypertensive agents such as angiotensin receptor blockers and/or angiotensin-converting enzyme inhibitors, which may be the reason why there was no association between the eGFR change and blood pressure. Second, the time point and frequency of serum creatinine measurement were not regularly scheduled, which partly explains the wide range of eGFR changes. Third, the causes of renal dysfunction in the eGFR < 90 group which may affect the eGFR change was not analysed because the subjects were treated in the community and were not under treatment by a specialist nephrologist. Fourth, there was a difference in sex between the eGFR < 90 group and the eGFR ≥ 90 group. This may be because of the small number of patients. However, the sex did not show a significant effect on the eGFR change or CV events in both groups. Fifth, the follow-up period was relatively short and the sample size was small. This may explain the relatively low ß-coefficient and low OR of baPWV, despite the predictive values of baPWV for eGFR change and CV outcomes were significant. If the follow-up period is extended and the sample size is larger, the statistical power would be enhanced. In addition, albuminuria did not predict CV outcomes in our study probably because of the short follow-up period, although it is known to predict kidney and CV risks (28) .
In conclusion, the present study shows that baPWV is associated with the decline in renal function and short-term CV events in patients with early stages of CKD. These findings extend the indications for baPWV measurement to the early stages of CKD and may be useful in the risk stratification of CKD progression and adverse CV outcomes in these patients.
